Within a small interconnected reaction network, orthogonal recognition processes drive the assembly and replication of a [2]rotaxane. Rotaxane formation is governed by a central, hydrogen bonding-mediated binding equilibrium between a macrocycle and a linear component, which associate to give a reactive pseudorotaxane. Both the pseudorotaxane and the linear component undergo irreversible, recognitionmediated 1,3-dipolar cycloaddition reactions with a stoppering maleimide group, forming rotaxane and thread, respectively. As a result of these orthogonal recognition-mediated processes, the rotaxane and thread can act as autocatalytic templates for their own formation and also operate as crosscatalytic templates for each other. However, the interplay between the recognition and reaction processes in this reaction network results in the formation of undesirable pseudorotaxane complexes, causing thread formation to exceed rotaxane formation in the current experimental system. Nevertheless, in the absence of competitive macrocycle-binding sites, realization of a replicating network favoring formation of rotaxane is possible.
Introduction
Molecular recognition plays a pivotal role in the self-assembly 1 and self-organization 2 of both synthetic chemical systems and those found in Nature. The constitution of individual components within interconnected networks present in such systems governs their capacity to perform specific functions and to interact with other species in a recognition-mediated fashion. Small changes in the identity or orientation of recognition-enabling structural elements can have profound effects 3 on the recognition processes within a network. Therefore, careful consideration has to be given to both the desirable function-encoding elements, as well as their relative position within a given molecular structure. Through controlled design, we can exploit the potential of molecular recognition and self-assembly as driving forces for the fabrication 4 of complex systems in a pre-organized manner. In the past, molecular recognition has been employed successfully in the formation of numerous molecular assemblies 5 , mechanically-interlocked architectures 6 , nanoscale machines 7 and systems capable of transferring structural information 8 through self-replication. Specifically, we are interested in exploring the underlying requirements that give rise to chemical systems capable of exhibiting phenomena such as self-replication.
A better understanding of the principles governing assembly and replication in chemical systems will allow us to probe the requirements for molecular evolution 9 and emergence 10 of complex function. The minimal requirements for non-enzymatic, recognition-mediated replication are well understood, with a number of small-molecule examples reported 11 in the literature. However, the requirements for integrating self-replication with other recognition-mediated processes, such as those required for assembly of mechanically-interlocked architectures, remains a largely unexplored area. Previously, we have 
Results and Discussion
We, and others, have established 12, 16 previously that various substituted diarylamides are capable of associating with macrocycle GM, demonstrating that the amide-containing linear component L is likely to be a suitable binding partner. Macrocycle PM contains a second pyridine ring with H-bond acceptor abilities, which we expected to bind more strongly, affording a system more selective towards the In order to confirm successful formation of thread T and the two rotaxanes, GM [2]rotaxane (GM-R) and PM [2]rotaxane (PM-R), we synthesized these products on a preparative scale by low temperature reaction of linear component L and stopper S in the presence of excess macrocycle. All three components, T, GM-R and PM-R, were isolated successfully by reverse phase flash column chromatography. Initially, we confirmed the identity of our products by MALDI-TOF mass spectrometry and 1 H and 13 C NMR spectroscopy. In order to further confirm that GM-R and PM-R contained the macrocycles bound at the expected site, we obtained single crystals 18 suitable for X-ray crystallographic analysis (for details, see ESI). The X-ray analyses confirmed the expected molecular structures in both Having synthesized and fully characterized thread T and both rotaxanes GM-R and PM-R successfully, we were ready to undertake a comprehensive kinetic analysis in order to ascertain which catalytic cycles (see Figure 1 ) are active in our rotaxane:thread system. Initially, we examined the formation of thread T in the absence of any added template. An equimolar mixture containing the desired components ([L] = [S] = 10 mM) was prepared in CDCl 3 and the reaction progress at 5 °C was monitored by 1 H NMR (500.1 MHz) spectroscopy every 15 minutes over 8 hours. This low reaction temperature was selected for the kinetic experiments because it maximizes the strength of recognition-mediated processes within the system while simultaneously allowing accurate monitoring of the reaction progress on a reasonable timescale by 1 H NMR spectroscopy. The reaction time course (Figure 6a ) for this reaction was determined by examining the resonances for the three protons associated with the trans isoxazolidine ring of the cycloadduct relative to 2,4-dinitrotoluene as an internal standard. We found that, following an initial lag period, typical for self-replicating systems, the thread replicated very efficiently, exhibiting a clear sigmoidal rate profile where the thread concentration reached 9.1 mM after 4 hours (91% conversion).
We determined the rate for this reaction (d[T] /dt) by computing the first derivative of a seventh-order polynomial fitted to the concentration vs time data. The trans diastereoisomer was formed exclusively, with the rate maximum observed after 63 minutes (4.1 mM h -1 ). Next, we examined the autocatalytic ppm6.6 6.66.8 6.87.0 7.07.2 7.27.4 7.47.6 7.67. = [S] = 10 mM) and pre-formed thread (10 mol%) were dissolved in CDCl 3 and the reaction progress was followed by 1 H NMR spectroscopy as described previously. Addition of pre-formed thread at t = 0 resulted in the disappearance of the lag period (Figure 6a ), allowing the system to reach its maximum rate (6.0 mM h -1 ) from the beginning of the reaction (Figure 6b) , thereby confirming the successful design of our self-replicating system 19 . With this information in hand, we analyzed thread formation in the presence of 10 mol% preformed GM-R and PM-R (Figure 6a ). Figure 6 . (a) Concentration and (b) rate profile for the formation of Thread in the absence of template (black) and in the presence of pre-formed thread (grey), 10 mol% GM-R (orange) or 10 mol% PM-R (blue) as determined by 1 H NMR spectroscopy (500.1 MHz, CDCl3, 5 °C, all components at 10 mM). Concentration for each product was determined relative to 2,4-dinitrotoluene as an internal standard.
The concentration-time data for the GM-R and PM-R instructed thread kinetic experiments closely mirrored formation of thread in the presence of pre-formed thread template, showing clear disappearance of the lag period and shift in the time of maximum reaction rate (Figure 6b ). The closely matching reaction profiles determined for the thread and GM-R and PM-R instructed kinetic experiments (max. rate 6.8 and 6.3 mM h -1 , respectively) revealed that the thread is autocatalytic and the two rotaxanes are capable of crosscatalyzing thread formation with efficiency equal to that of thread.
Having explored the thread kinetic pathways fully, we next examined the individual, uninstructed kinetics of GM-R (Figure 7 ) and PM-R (Figure 8 ). The progress of the rotaxane kinetic experiments was again followed by 1 H NMR spectroscopy, allowing us to deconvolute the individual proton resonances associated with the isoxazolidine ring of each thread and rotaxane product (for details, see ESI), which were formed with high diastereoselectivity for the trans cycloadducts.
Figure 7. Concentration and rate profiles for the formation of (a) Thread (circles) and (b) GM-R (squares) in the GM [2]rotaxane kinetic experiments carried out in the absence of template (black) and in the presence of pre-formed 10 mol% thread (grey) or 10 mol% GM-R (orange) as determined by 1 H NMR spectroscopy (500.1 MHz, CDCl3, 5 °C, all components at 10 mM). Concentration for each product was determined relative to 2,4-dinitrotoluene as an internal standard.
After 4 hours, T reached a higher concentration than either rotaxane, resulting in a 1:3 ratio of GM-R:T and 1:2 of PM-R:T, reflecting the higher affinity of the linear guest for the pyridine macrocycle PM. As observed in the uninstructed thread experiment, the rotaxane reaction profiles in the absence of added template revealed catalysis, exhibiting an initial lag period and sigmoidal reaction profile. In the GM-R kinetic experiment, the maximum rate of product formation (Figure 7 ) was observed at 90 minutes (1.78 mM h -1 ) for thread and 57 minutes (0.47 mM h -1 ) for the rotaxane. Similarly, the maximum rate of thread formation in the PM-R experiment was determined at 87 minutes (1.57 mM h -1 ), and at 102 minutes (0.60 mM h -1 ) for the rotaxane (Figure 8 ). rotaxane kinetic experiments carried out in the absence of template (black) and in the presence of pre-formed 10 mol% thread (grey) or 10 mol% PM-R (blue) as determined by 1 H NMR spectroscopy (500.1 MHz, CDCl3, 5 °C, all components at 10 mM). Concentration for each product was determined relative to 2,4-dinitrotoluene as an internal standard.
The concentration-time profiles for the GM-R (Figure 7 , top) and PM-R (Figure 8, top) rotaxane kinetic experiments in the presence of 10 mol% of pre-formed instructing thread mirrored the corresponding profiles obtained in the rotaxane kinetic experiments instructed with GM-R or PM-R template very closely, exhibiting a nearly identical ratio of R:T and shortened lag period across each rotaxane set, as evidenced by the shift in maximum rate for the formation of thread and rotaxanes to an earlier time point (Figure 7 and 8, bottom) in all instructed kinetic experiments. The outcome of the rotaxane kinetic experiments confirmed that both auto-and crosscatalytic cycles are operating in each rotaxane system with equal efficiency. Satisfyingly, results of the kinetic analyses confirmed that the orthogonal recognition processes enable formation of a replicating network where thread and rotaxane are matched in catalytic efficiencies as templates, in both auto-and crosscatalytic cycles. Nevertheless, the ratios of R:T determined in our kinetic experiments showed a strong preference for the formation of thread over the rotaxane in both replicating networks. This lower ratio indicates that while the pre-formed rotaxane templates are capable of catalyzing formation of both thread and rotaxane products efficiently, the rotaxane formation itself proceeds less effectively than we had hoped based on the low temperature pseudorotaxane experiments. In order to gain a better understanding of the effect of additional binding sites on this highly interconnected system, we performed fitting of all of the concentration-time data available from the related thread and rotaxane kinetic experiments to kinetic models encompassing all interactions and reactions.
These models included the formation of the three different pseudorotaxane complexes, in each system.
Exploiting an appropriate fitting procedure (for details, see ESI), we were able to extract normally inaccessible kinetic parameters, namely, the template-mediated unimolecular rate constants (k uni ) and the product duplex association constants (K Duplex ) for the formation of Thread, GM-R and PM-R (Table 1) . In order to avoid fitting a larger number of constants than the data sets available, we implemented two assumptions throughout the fitting procedure: (i) k bi was assumed to be identical for all three templates and (ii) only a single k uni was fitted for each template across the auto-and crosscatalytic kinetic experiments forming a particular template. The latter assumption was based on the experimental observation of closely matched catalytic efficiencies determined during the kinetic experiments, and the fact that attempts to fit different unimolecular rate constants for the individual auto-and crosscatalytic Analysis of the fitted kinetic parameters for thread and rotaxanes shows the detrimental effect of competitive macrocycle-binding sites on the apparent K a for the formation of [LM] and the unimolecular rate constant and consequently, the ratio of R:T formed in the system. In order to demonstrate how a similar system, integrating the formation of a rotaxane with self-replication, would work in the absence of competitive binding sites, we performed kinetic simulations. These simulations employed the parameters determined for PM-R system, which exhibits more efficient rotaxane formation than GM-R as a result of a (Figure 10 ), where the effective molarity for thread and rotaxane are identical, allowed us to elucidate how the experimental system would behave in the absence of competitive binding sites -a situation where the ratio of products formed depends solely on the K a governing the formation of [LM] .
Figure 10.
Outcome of kinetic simulations examining the effect of increasing Ka for the formation of pseudorotaxane complex [LM] on the ratio of rotaxane:thread formed in: condition A (n) employing kinetic parameters determined for our experimental system (kuni rotaxane < kuni thread) and condition B () examining an ideal system with no competitive macrocyclebinding sites on the linear component (kuni rotaxane = kuni thread). The blue rectangle represents the outcome of the simulation employing kinetic parameters determined for T and PM-R. Simulations were performed using SimFit software package (Günter von Kiedrowski, University of Bochum, 2008).
The results of the simulation (Figure 10 , condition A) revealed that an increase in the K a for the association between the linear component and macrocycle does not afford an R:T ratio greater than 8:1 in the condition employing experimental parameters, unless K a > 10 5 M -1 . While a considerable improvement over the current product ratios, it is possible that a larger K a value for the formation of pseudorotaxane [LM] might also result in a concurrent increase in the strength of association for the macrocycle binding sites (see Figure 9 ), therefore, resulting in a lower R:T ratio than predicted from this simulation. Whilst the current experimental design, incorporating two additional competing macrocyclebinding sites, does not favor rotaxane formation, the same kinetic model can afford significantly higher R:T ratios (>15:1) if only a single, desired macrocycle binding site is present (Condition B), demonstrating that rotaxane can be formed selectively in a replicating network operating simultaneously through both auto-and crosscatalytic pathways.
Conclusions
In conclusion, we have described a successful experimental implementation and full characterization of a reaction network integrating replication processes with the assembly of a [2]rotaxane. Through the application of orthogonal recognition processes, we were able to effectively direct formation of a replicating network where thread and rotaxane products are matched in catalytic efficiencies as templates, in both auto-and crosscatalytic cycles. However, interplay between the different recognition and reactive processes in the complex network, specifically the nitrone and amidopyridine moieties acting as competitive binding sites for the macrocyclic component, resulted in thread formation surpassing rotaxane formation in the current experimental system. Exploiting kinetic simulations, we demonstrated that orthogonal recognition processes are capable of driving autocatalytic rotaxane formation in the absence of competitive macrocycle binding sites. The realization of this goal is currently under investigation in our laboratory.
